Abstract -This paper presents the sensitivity analysis of primary-side LCC tuned and secondary-side series tuned wireless charging system with experimental validation. The primary and secondary coils have been modeled as a loosely coupled transformer to obtain a circuit model which can be analyzed for parametric sensitivity. Furthermore, sensitivity to variation in coupling coefficient and load are presented. To prove the effectiveness of the theoretical analyses, a test setup was built and tested up to 10 kW, demonstrating the operation of the primaryside LCC and secondary-side series wireless power transfer system. The circuit model derived using the loosely coupled transformer model is verified experimentally by using a frequency response analyzer. The experimental results confirmed that the sensitivity analysis can be accurately used for future system designs.
I. INTRODUCTION
Wireless power transfer (WPT) based electric vehicle (EV) charging will play a key role in the future of electrified transportation. With the demand to reduce charging time, fast wireless charging with power greater than the level 2 SAE charging of 6.6 kW is gaining significant attention from the research community. Series tuning and parallel tuning architectures have been widely used on both the primary and the secondary side for EV charging applications [1] , [2] . If series tuning is employed on the secondary side, the reflected load on the primary coil is purely resistive, thus minimizing the reactive power processed by the primary side inverter [3] .
Higher order tuning networks have been explored as primary side and secondary side compensation networks for wireless charging of EVs [4] , [5] . The advantage of primary side LCC compensation network is the constant current source behavior at resonance and a resonant frequency which is load and coupling coefficient independent. Therefore, the system can work at a constant switching frequency and zero-voltageswitching (ZVS) can be achieved over a wide load range [6] , which improves the system efficiency. Compared to LCL tuning networks, LCC tuning does not require a HF transformer to drive the primary side tuning network with a higher voltage input. LCC tuning also results in higher efficiency operation due to:
1) Reduced reactive power processed by the HF inverter and 2) Load and 'k' independent ZVS operation.
Reference [7] explores a zero-current switching LCC tuned primary and a series tuned secondary for a 750 W WPT system whereas [5] proposes a double-sided LCC tuned WPT system wherein the tuning design is illustrated for a 5 kW WPT system. Reference [8] explores the output power and efficiency sensitivity with the use of a SPICE circuit model. However, a detailed frequency domain-based sensitivity analysis of a primary-side LCC and secondary-side series tuned WPT system is not reported for WPT level-2 equivalent power levels. In this paper, a WPT system is designed and modelled for electric vehicle application. A comprehensive sensitivity analyses of primary-side LCC and secondary series tuned WPT including input impedance, voltage and current gain, input current, coil current and transferring power, is presented with respect to coupling coefficient and load. The primary and secondary coils are modeled as a loosely coupled transformer [9] to obtain a circuit model which can be analyzed for parametric sensitivity. A detailed examination of the sensitivity of the system is investigated using the frequency response analyzer. This manuscript is organized as follows: Section II briefly discusses the system modelling and circuit sensitivity analyses. Section III investigates the sensitivity of the system with variations of coupling coefficient and load. Figure 1 shows the power stage of primary-side LCC and secondary-side series tuned WPT system. A dc source Vdc is connected to a high-frequency (HF) inverter via the dc link capacitor Cdc. The primary-side LCC tuning network consists of inductance L11, capacitors C11, and C12, and primary coil inductance LP. The secondary-side series network consists of capacitor C21 and secondary coil inductance LS. The primary and secondary coils are linked via the coupling coefficient k.
The HF inverter is operated at a switching frequency fs and an effective duty cycle D resulting in a fundamental frequency component Vinv to appear at the input of the primary LCC tuning network. Higher order harmonics are not considered in this analysis. In general, the HF rectifier represents a non-linear load. However, since the secondary resonant network has a highquality factor ( > 2.5), it can be assumed that most of the power transfer occurs at the fundamental frequency component [11] . Consequently, the load resistance at the output of the secondary side tuning network can be given by [12] 
where = / is the equivalent load resistance of the EV battery. For the equivalent circuit model shown in Fig. 2 , following impedance equations can be written:
The resistances depicted in the format 'rx' are the internal resistances (ESRs) of the respective passive elements. The ESRs are not depicted in Fig. 2 . Some important parameters are derived using Fig. 2 . The input impedance seen by the inverter is given by
The output current of the inverter is the input current of the primary-side LCC network and is given by = . The primary coil current Ipri, and secondary coil current Isec, are given as follows:
The secondary coil current will be equal to the load current . The output voltage and power can be calculated as = and = , respectively. The secondary coil voltage is the sum of the voltages appearing across the magnetizing inductance and the secondary leakage inductance LLS given by
III. SENSITIVITY ANALYSIS
The output power of a WPT system is given by [1] :
In (11), variation in coupling coefficient k can occur because of misalignment due to parking inconsistency or changes in ground clearance due to variation in tire pressure etc. Variation in quality factor Q2 occurs due to change in load. To meet the required output power Pout despite changes in k and Q2, the primary coil current Ipri and/or the coupling frequency ω needs to be changed. Frequency ω and input voltage Vinv, which control the primary coil current Ipri, can be considered system inputs that are varied to regulate power output against variation in k and Q2. To envisage a control mechanism for the WPT system, it is imperative to analyze the sensitivity of Pout of the WPT system to variation in k, ω, RL, and V1.
Consider a WPT system with a matched coil pair having knom=0.265, LP=LS=108 µH, operating frequency f=22 kHz, and envisaged to transfer a rated power of 11 kW and minimum power of 5.5 kW at Vo,min=300 V, and Vo,max=380 V, respectively. The corresponding minimum and maximum load resistances using (1) Using (1) through (10), it can be calculated that L11=27.5 µH is sufficient to transfer 11 kW at the three RL values calculated for a nominal k value of 0.265. Tuning capacitance of C11=1.903 µF are designed to resonate at 22 kHz using the expression = 1/ . The capacitance C12=0.645 µF is calculated in such a way that impedances Z3 is equal to the impedance of primary tuning inductance ZL11.
Once the initial design is selected, the sensitivity of the circuit to variation in load resistance k and coupling coefficient RL can be analyzed using Fig. 2. and equations (7) through (11) . Due to components available in the laboratory C11=2.1 µF and C12=0.66 µF were used in the experimental setup. Figures 3 (a) and (c) show that the input impedance at the input terminals of the LCC tuning network increases proportionally with increase in load resistance, resulting in a decrease of input current to the LCC tuning network. One of the key features that can be inferred from Figs. 3 (b) and (d) is the topology has a load independent current phase at the resonant point which can be utilized to realize load independent ZVS. It can be inferred from Fig. 4 (a) that the primary coil current is independent of the load. Fig. 4 (c) shows that the voltage gain of the WPT system is close to unity and independent of the load, this can be attributed to the behavior of a series tuned secondary side with a constant current primary coil. In Fig. 4 (d) , the output power Po increases with decreasing in RL. Figure 5 (a) and (c) show that the impedance at the input of the LCC network reduces as k increases resulting in a proportionally higher input current. In Fig. 5 (b) and (d) it can be noted that at the resonant point of 22 kHz, the input current has a independent phase relation which helps to achieve high efficiency at low power. Figure 5 (a) shows that the primary coil current is independent of k which simplifies the control mechanism for the architecture. Figure 5 (b) , (c), and (d) show that the current gain, voltage gain, and output power all increase with increasing coupling coefficient. From Fig. 6 (a) , it is observed that the primary coil current is constant independent of the coupling coefficient and it remains almost flat around the resonant frequency. Figure 6 (b) shows that the primary coil current is constant at the resonant frequency regardless of the coupling factor. It can be observed that voltage gain increases with increase in coupling coefficient in Fig. 6 (c) . From Fig. 6 (d) it can be inferred that as the coupling coefficient increases, the output power increases. 
IV. EXPERIMENTAL RESULTS
A test setup was built in authors' laboratory for experimental verifications and demonstrating the operation of the primary-side LCC and secondary-side series wireless power transfer system. The system shown in Fig. 1 was built using a high-frequency power inverter and two magnetic coupling coils with their resonant tuning components as shown in Fig. 7 . The details of the experimental setup are as follows: Primary side tuning inductor L11=26.98 µH. The measured values of the primary side tuning capacitors C11 and C12 are 2.24 µF and 0.71 µF, respectively. The primary and secondary coil inductances are LP=105.6 µH and LS=106.4. The system is tested up to 11 kW with overall efficiency ~94%. Figure 8 gives the detailed system efficiency with respect to each stage. In Fig.  9 , the experimental results for the same operating point are demonstrated corresponding to an input voltage Vinv=354.9 V, k=0.265, and RL=13 Ω. The measured input voltage at the input of the LCC network was used for the analysis. The power analyzer screenshot of the experimental test results is presented in Fig. 9 where Element 1, 2, 3, 5, and 6 shows the voltage, current, and the active power at the inverter input, inverter output, primary coil, secondary coil, and the load. Table I shows the comparisons between the values predicted using the theoretical analysis of the frequency-domain model and the experimental results. Furthermore, experimental waveforms are presented in Fig. 10 obtained from the input and output power conversions stages. In Fig. 10 , first quadrant shows the dc quantities including the inverter input voltage and current (U1, I1) as well as the load voltage and current (U6, I6). Second quadrant shows the inverter output voltage and current (U3, I3), third quadrant shows the primary coil voltage and current after tuning circuitry (U4, I4) , and the last quadrant shows the secondary coil voltage and current before the rectifier input (U5, I5). In addition to experimental verification of the analysis of the wireless power transfer system, frequency response analyzer was employed to validate the predicted input impedance Zin and voltage gain of the WPT coils with primaryside LCC and secondary-side series tuning. Frequency response analyzer model 7440 from Venable was used to obtain the frequency response measurements shown in Figs 12, 13, and 14 . The measurement circuitry consists of the oscillator output of the frequency response analyzer, high accuracy current sensing resistor, and component under test, as illustrated in Fig. 11 . The component under test is the WPT coils with primary LCC and secondary series resonant network connected and a load resistance representing the equivalent resistance given by (1) . It should be noted that in frequency response measurements, the power electronic inverter and rectifier are not present as these are measurements to validate linear circuit models. Note that the AC excitation voltage is 10 V, sweeping from 11 kHz to 55 kHz with a step frequency of 300 Hz and two channels are implemented. The phase and impedance sweeping of the input impedance are shown in Fig. 12 and Fig. 13 , which match the theoretical analyses well. It can be observed from Figs. 12 and 13 that the overall trend and the predicted values at the resonant point of = 22 kHz match very well with the measured values. It can be observed from Fig. 14 that the predicted and measured voltage gains match very well. From Figs 12 -14 it can be noted that the predicted value is within 3 % of the measured value indicating the validity of the derived model for the primary side LCC and secondary side series tuned system. 
V. CONCLUSIONS
In this paper, a sensitivity analysis of primary-side LCC tuned and secondary-side series tuned wireless charging system is presented. The primary and secondary coils in a primary-side LCC and secondary-side series tuned WPT system have been replaced by a loosely-coupled transformer model. The circuit model is used to predict the sensitivity of the primary-side LCC and secondary-side series compensated wireless power transfer system to variation in coupling coefficient k and load resistance RL. Furthermore, a test setup is built for experimental verifications and demonstrating the operation of the primaryside LCC and secondary-side series wireless power transfer system. The system is tested up to 10 kW with overall efficiency ~94%. The derived model has been verified experimentally and the results for an operating point are presented. Although it has similar characteristics to an LCL-series tuning configuration, LCC tuning did not require a step-up voltage transformer [14] . A detailed examination of the sensitivity of the primary-side LCC and secondary-side series tuned WPT system to variation in RL is investigated using the frequency response analyzer. Measurements show good agreement between the experimental and predicted with <3% error, which effectively verifies the accuracy of the theoretical model.
